Deformed stromatolites in marbles of the Mesoproterozoic Wumishan Formation as evidence for synsedimentary seismic activity  by van Loon, A.J. (Tom) et al.
Journal of Palaeogeography
2013, 2(4): 390-401
DOI: 10.3724/SP.J.1261.2013.00038
Palaeoseismology and seismites
Deformed stromatolites in marbles of the Meso-
proterozoic Wumishan Formation as evidence for 
synsedimentary seismic activity
A. J. (Tom) van Loon1, *, Su Dechen2, 3
1. Geological Institute, Adam Mickiewicz University, Maków Polnych 16, 61-606 Poznan, Poland 
2. Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China
3. State Key Laboratory of Continental Tectonics and Dynamics, Beijing 100037, China
Abstract The Mesoproterozoic Wumishan Formation consists mainly of dolomites that 
represent diagenetically transformed limestones deposited in a shallow peritidal environment. 
Although the environment was tectonically stable, the study area in the Changping District 
(north of the Beijing area) was affected by synsedimentary earthquakes. Later, the dolomites 
in the study area were intruded by a granite. This resulted in contact metamorphism of the 
dolomites, changing them in a halo around the intrusion into marble. This marble, which is 
exposed near Taoyukou Village, shows some levels with well-developed stromatolites. The 
stromatolites contain structures that point at deformation when the stromatolites had not yet 
been lithified, and thus represent soft-sediment deformation structures. The stromatolites ap-
parently built up during a time-span when repeated deformational processes affected the still 
unlithified sediment, from the sedimentary surface down to maximally a few decimeters. The 
deformed stromatolites thus represent seismites, which feature is exceptionally rarely recog-
nizable in marble. 
Key words soft-sediment deformation, stromatolites, seismites, Wumishan Formation, 
Mesoproterozoic, Changping District, Beijing
1 Introduction*
Stromatolites are structures left by masses of micro-
organisms, living mainly in shallow-marine environments 
where carbonates precipitated, although they are now also 
well known from siliciclastic sediments (Noffke, 2010; 
Noffke and Chafetz, 2012). The oldest stromatolites, 
which were built by particles that were trapped by what 
were most probably symbioses of organisms that now are 
jointly called cyanobacteria, date from the Archean; they 
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represent the oldest macroscopically identifiable traces of 
life on Earth. The structures that these micro-organisms 
tend to leave consist, as far as visible in the field, of irregu-
lar laminae (e.g., Horodyski, 1975; Hips and Haas, 2006; 
Clarke and Stroker, 2013). The irregular surface of the or-
ganic material, which may have been deformed by wave 
action or other processes in shallow-marine environments, 
has resulted in a mineral fabric that is commonly charac-
terized by the occurrence of flat particles (often micas) that 
were originally not all orientated parallel to the overall 
lamination; during burial metamorphism, the original fab-
ric is commonly changed, however, such that (almost) all 
micas and other platy particles are directed perpendicular 
to the main stress direction.
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Stromatolites have been described mostly from the 
Phanerozoic (modern examples can be found in, for in-
stance, Shark Bay, Australia). Archean examples are rela-
tively rare but they have been investigated fairly frequently 
because they represent the earliest macroscopically recog-
nizable forms of life (e.g., Noffke, 2010, 2012); yet, the 
organic origin of specific stromatolitic structures has been 
much debated, but geochemical and isotopic investiga-
tions supported time and again a biogenic origin (e.g., Von 
Blanckenburg et al., 2008; Lepot et al., 2009, 2013; Craig 
et al., 2013). Proterozoic occurrences are more common, 
but have less frequently been described in detail (e.g.,
Bekker and Eriksson, 2003; Bekker et al., 2003; Van Loon 
and Mazumder, 2013); this must probably be ascribed to 
the fact that the volumes of rocks from a specific period 
become less frequent with time, due to ongoing erosion, 
but also due to processes (like metamorphism) that destroy 
the original structures in a rock in whole or in part, so that 
structures such as stromatolites become difficult to recog-
nize.
Here we describe an example of well-preserved Meso-
proterozoic stromatolites. They are extraordinary in that 
(1) they are old, (2) they occur in limestones that have 
turned into dolomites by diagenetic processes that com-
monly obscure sedimentary structures and fossils, (3) the 
dolomites have been turned into marbles as a result of 
thermal metamorphism caused by the nearby intrusion of 
a granite, and (4) the stromatolites have been deformed in 
a way that must be ascribed to seismic activity, confirm-
ing that the area was affected by tectonic processes dur-
ing the time-span that the stromatolites formed, as must 
be deduced from the fact that the deformation took place 
when the sediment had not yet been lithified and was still 
in a plastic state.
2 Geological setting
The Yan-Liao aulacogen (Fig. 1), which is situated in 
the northern part of the Sino-Korean palaeo-plate (North 
China Craton), is a vast area where sediments accumulated 
during the Meso- and Neoproterozoic, building up succes-
sions of up to 9200 m thick (He et al., 2000; Qiao and 
Gao, 2007). The thickest succession is found in the center 
of the aulacogen, more precisely in the Jixian section. This 
area can be considered as part of a rift system where the 
Columbia supercontinent started break-up between 1600 
Ma and 1200 Ma (Rogers and Santosh, 2002; Qiao et al.,
2007). This break-up was accompanied by earthquakes 
that resulted in seismic shocks that triggered soft-sediment 
deformation (Qiao et al., 2007; Ettensohn et al., 2011). 
The resulting structural elements are prominent: they were 
possibly reactivated even much later, when folding and 
faulting in the Beijing area occurred during the Late Juras-
sic-Early Cretaceous Yanshanian orogeny.
The geology of this area has been studied already 
some 80 years ago (Kao et al., 1934). The Meso-Neopro-
terozoic rocks are now grouped into twelve formations: 
from bottom to top the Mesoproterozoic Changzhougou, 
Chuanlinggou, Tuanshanzi, Dahongyu, Gaoyuzhuang, 
Yangzhuang, Wumishan, Hongshuizhuang, Tieling, and 
Xiamaling Formations, which are overlain by the Neopro-
terozoic Longshan and Jingeryu Formations. The Neopro-
terozoic is unconformably overlain by limestones of Cam-
brian age.
The ages of the various formations, and thus of the soft-
sediment deformation structures (SSDS) that they contain, 
have been well established in the past few decades. The 
Wumishan Formation, in which the deformed stromato-
lites described below are present, has been dated on the 
basis of SHRIMP U-Pb zircon ages as between 1550 Ma 
and 1450 Ma (Gao et al., 2007; Su et al., 2008; Li et al.,
2010; Su et al., 2010), i.e., Early Mesoproterozoic.
Seismic activity
A fault of over 800 km long runs from southwest Shi-
jiazhuang to northeast Lingyuan and Tieling (Fig. 1), 
roughly following the axis of the Yan-Liao aulacogen. 
This Shijiazhuang-Lingyuan Fault became active during 
the Early Mesoproterozoic (He et al., 2000); it probably 
was the main trigger for regional earthquakes in the geo-
logical past (Qiao and Gao, 2007; Su and Sun, 2012). The 
first earthquake-triggered SSDS that have been reported 
from China are situated close to this fault (Song, 1988). 
Since then, earthquake-triggered SSDS have been found 
at several other sites in the same region (e.g., Liang et al.,
2002; Qiao and Gao, 2007; Ettensohn et al., 2011; Su et
al., 2013). 
It is for the above reasons commonly assumed now that 
the SSDS in the Wumishan Formation are controlled or 
at least influenced by their distance to the Meso- to Neo-
proterozoic Shijiazhuang-Lingyuan Fault, as most sites 
exhibiting SSDS are situated less than some 20 km from 
the fault.
3 The Wumishan Formation
The Wumishan Formation (the thickest and most wide-
ly distributed formation of the Meso- and Neoproterozoic 
on the Yan-Liao aulacogen) crops out over about 12% of 
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the Beijing area (somewhat over 2000 km2). It consists 
mostly of well-laminated dolostones (approx. 89%) and 
silicified dolostones or siliceous chert (10%). The remain-
ing 1% are thin shale interbeds and terrigenous sediments 
(sandstones). The total thickness of the Wumishan Forma-
tion in the Beijing area is between 1500 m and 3495 m. 
The formation is largely composed of stacked peritidal 
parasequences, each a few meters to tens of meters thick, 
separated by silty shales (Ettensohn et al., 2011). The 
parasequences are both fining and shallowing upwards. 
Subtidal high-energy cross-bedded dolarenites are present 
at the base. These pass up through lagoonal dolosiltites to 
low-energy peritidal laminites with mudcracks and stro-
matolites in the upper part of a parasequence. 
Fig. 1 Location of the study area.
Deformed stromatolites in marbles of the Mesoproterozoic Wu- 
mishan Formation as evidence for synsedimentary seismic activity
A. J. (Tom) van Loon 
and Su Dechen: 393Vol. 2  No. 4
On the basis of the stacking patterns, the rock compo-
sition, and the stromatolite characteristics, the Wumishan 
Formation is divided into four members. Member 1 is 
composed mainly of terrigenous sediments and bitumi-
nous dolostone; the thickness of Member 1 is about 450 m. 
The rock types of Member 2 vary distinctly, from quartz 
sandstone to sandy dolostone or laminated dolostone, re-
flecting dramatic changes of the palaeo-environment; the 
thickness of Member 2 is about 400 m in the Ming Tombs 
area. Member 3 is the thickest member in this formation 
(854 m in the Ming Tombs area). The main rock types are 
laminated dolostone with abundant pillar/cone-shaped 
stromatolites. Member 4 is mainly composed of laminated 
thinly-bedded dolostone with banded cherty dolomite and 
occasional stromatolites. 
The stromatolites indicate that the Wumishan Forma-
tion accumulated, apart from its basal part, essentially in 
a stable, shallow-water, peritidal platform environment 
where “normal” sedimentary structures (especially inter-
ference ripples) also indicate that the dolomite from the 
Wumishan Formation accumulated in a shallow-water en-
vironment.
4 The deformed Wumishan stromato-
lites
The deformed stromatolites under study occur about 
4 km north of Taoyukou Village (GPS 40°15′46.57″N, 
116°26′21.66″E) in the Changping District (north of the 
Beijing area). They are exposed in the wall of the valley at 
the other side than where the road is situated. The site can 
be reached over some kind of concrete dam built to regu-
late the ephemeral stream that may be present. In the direct 
neighborhood of the study site, the Wumishan Formation 
still shows its usual appearance (Fig. 2). The rocks are do-
lostones with locally levels with stromatolites (Fig. 3), but 
also with levels where the rocks have been deformed, al-
though the under- and overlying layers have not or hardly 
been affected (Fig. 4). 
At the study site, the dolostones have been changed into 
marbles. This must be ascribed to thermometamorphism in 
a halo around the granite that intruded the Wumishan For-
Fig. 2 Appearance of the dolomites of the Wumishan Formation near the study area.
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Fig. 3 Succession with stromatolites in nearby Wumishan dolostones. Scale: The GPS tracker is 7.5 cm.
Fig. 4 Alternation of deformed and undeformed layers at the study site. Scale: Pen is 14.5cm.
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mation during the Indo-Chinese Epoch (~250-200 Ma).
4.1 Description of the deformations
In spite of the metamorphism that they have undergone, 
the stromatolites in the marbles are still perfectly recog-
nizable (Fig. 5). They most commonly show a kind or 
irregular lamination, locally giving the impression of lo-
cal upward accumulation of sediment (Fig. 6). It appears, 
however, that some of the stromatolite layers have been 
deformed (Figs. 7, 8). The deformations in many respects 
closely resemble the SSDS found nearby in the “normal” 
(= non-stromatolite) layers (Fig. 4), but the typical archi-
tecture of the stromatolites also results in different forms 
of SSDS.
Most of the deformations of the stromatolites consist of 
irregular folds, sometimes accompanied by faults that do 
not affect the overlying layers; in a few cases, the faults 
extend downwards to maximally a few centimeters into the 
underlying, non-deformed layer; the underlying layer may 
or may not be a stromatolite. The compressional folds and 
the small upthrusts indicate that there was a lateral pres-
sure, but even in a single deformed stromatolite unit the 
deformation intensity need not be the same at each level, 
suggesting that inhomogeneities within the unit absorbed 
the pressure responsible for the deformation in (slightly) 
different ways.
The pressure must, considering the shape of the defor-
mations, have acted in a horizontal direction, affecting 
only the uppermost sediments. As the deformations are re-
stricted to certain vertical intervals, with non-deformed in-
tervals in between, it must be concluded that the stromato-
lites were still unlithified when the deformation took place. 
They thus form soft-sediment deformation structures, and 
must have been deformed while still at the sedimentary 
surface.
4.2 Interpretation
Numerous processes are capable of deforming uncon-
solidated layers at the sedimentary surface (Van Loon, 
2009). The deformed sediments under study were, how-
ever, not “normal” deposits, but they must have been still 
fairly slimy microbialites to which calcareous particles 
Fig. 5 Easily recognizable, non-deformed stromatolites in the marbles at the study site. Scale: Pen is 14.5 cm.
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became attached that occurred in suspension. The pres-
ence of the microbialites, which during the Mesoprotero-
zoic most probably consisted of cyanobacteria, indicates 
that the water was shallow, as the cyanobacteria required 
light. The shallow-marine character, in turn, suggests that 
the surficial sediments, including the microbial mats, may 
have been affected by wave action and/or currents.
It is well known from present-day microbial (mainly 
algal) mats in the intertidal zone that they may easily be-
come wrinkled or even folded by wave or current action. 
This results commonly in local deformations (mostly in 
the form of a “heap” of complexly deformed microbial 
material), and such deformations have been found, indeed, 
in the stromatolites under study (Fig. 9). These types of 
agents seem unlikely for several horizons of the stroma-
tolites under study, however, because their types of defor-
mation are distinctly different from those found in recent 
microbial mats. Moreover, it seems that the affected layers 
became deformed over the total length of the exposure, 
which is uncommon for present-day microbial mats as 
they become usually broken up into pieces under the influ-
ence of current and/or wave activity.
Another significant aspect is, as mentioned above, that 
the deformation was apparently due to a pressure parallel 
to the bedding plane, and that this pressure affected only 
the uppermost decimeters. Also important is that the de-
formation events happened repeatedly, as proven by the 
alternation of undeformed and deformed layers.
All the above characteristics are consistent with those 
that result in shallow-marine sediments as a result of an 
earthquake-triggered longitudinal shock wave that pro-
ceeds through the uppermost sediments. The fact that it is 
well known that earthquakes that deformed sediments of 
the Wumishan Formation in the Yong valley occurred on 
average every 20,000-32,000 years (Su and Sun, 2011), 
makes it even more likely that the deformations under 
study are due to such tectonic activity. Consequently, the 
layers with extended deformations interbedded between 
undeformed layers should be considered as seismites.
5 Discussion
Two main questions arise from our observations: (1) 
Are the irregularly laminated sediments under study really 
Fig. 6 Column-like stromatolites in dolomites near the marbles under study. Width of photo is approx. 50 cm.
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Fig. 7 Deformed stromatolite layer at the study site. A-Overview of the layer interbedded between non- and less-deformed layers; 
B-Detail of the fine stromatolite lamination with deformations; C-Detail of the complex nature of the deformations. Scale: Pen is 
14.5 cm.
A
B
C
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Fig. 8 Slightly deformed stromatolites at the study site. Scale: Pen is 14.5 cm.
Fig. 9 Deformed concentration of stromatolitic material, probably resulting from wave or current activity. Scale: Hammer is 32.5 cm.
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stromatolites, and (2) Can processes other than seismic 
shocks be held responsible for the deformations?
5.1 Stromatolite origin
Stromatolites are remarkable features. They are consid-
ered as sedimentary structures rather than as fossils, but 
they are not sedimentary structures in a narrow sense: it 
is the type of substrate (a commonly irregular slimy mass) 
rather than the depositional process (settling from suspen-
sion, or moving in suspension) that results in accumula-
tion, but this substrate itself is not preserved in the sedi-
mentary record. This makes it difficult to prove that what 
are considered in the field as stromatolites are stromato-
lites, indeed, as no recognizable true fossil traces are left. 
In the field, stromatolites are, however, easily recognized: 
they look like stromatolites!
In specific cases, for instance where stromatolites have 
formed as a result of upwards growing columns of cy-
anobacteria, the “sedimentary” structures are convincing. 
Where the stromatolites formed as a cover on a calcareous 
or siliciclastic substrate, this is less clear. Nevertheless, 
the structures under study show all the characteristics that 
stromatolites tend to show in the field and, moreover, no 
good physical explanation can be found for the irregular 
type of lamination inside the stromatolites. Consequently, 
it seems beyond any reasonable doubt that the laminated 
structures are stromatolites.
Traces of life from the Mesoproterozoic are scarce. 
Stromatolites are the only features that are commonly con-
sidered to point at organic activity during the Mesoprote-
rozoic. This makes an interpretation of the structures as 
stromatolites not self-evident. Yet, stromatolites are also 
known to have built comparable sediments much earlier, 
viz. during both the Palaeoproterozoic and the Archean. 
Palaeoproterozoic stromatolites that were deformed by 
seismic shocks and that show similar SSDS as the struc-
tures under study, have been described recently by Van 
Loon and Mazumder (2013) from the Singhbhum Craton 
in northeast India (Fig. 10).
5.2 Origin of the deformations
The Wumishan Formation was formed mainly under 
relatively quiet conditions in a peritidal environment. The 
depth of the water varied, as did the precise environment, 
which ranged from marine below wave base to lagoonal. 
Sedimentary structures such as small-scale cross-bedding, 
Fig. 10 Seismically deformed stromatolite of the Palaeoproterozoic Chaibasa Formation in NE India (from Van Loon and Mazumder, 
2013). Scale: Hammer is 32.5 cm.
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wave and interference ripples, etc. record these conditions. 
Most probably heavy storms affected the sedimentary sur-
face, but no tempestites have been described from the for-
mation thus far. The conditions must consequently for most 
of the time have been fairly favorable for the development 
of microbial mats in the near-shore area. Such microbial 
mats, of which it is unknown whether they extended during 
the Mesoproterozoic for kilometers or were restricted to lo-
cal developments of only a few meters wide, must have 
been affected by wave activity and by tidal currents.
Such agents must have destroyed at least sometimes the 
original “fabric” of the microbial mats, tearing them apart, 
dragging them along over the sea floor, and concentrat-
ing them to heaps that caused folds, wrinkles and possibly 
faults in the organic masses. Folds and wrinkles are com-
monly observed in the Wumishan stromatolites, indeed, 
but it is, as a rule, hardly possible to find out whether such 
deformations result from wave and/or current activity, or 
whether they were a result of the irregular surface of the 
organic masses themselves.
One of the characteristics of layers in which stromato-
lites occur that have been affected by the above “normal” 
processes, is that the type and intensity of the deforma-
tions are different from place to place, as the wave or cur-
rent activity varies in space; the differences in deforma-
tion type and intensity are, moreover, superimposed on 
the irregular shapes of the microbial mats themselves. As 
a consequence, such stromatolite layers are characterized 
by deformations that are discontinuous and that seem to 
change laterally in type and intensity in a more or less hap-
hazard way.
The deformed stromatolites under study show, howev-
er, a different picture. They form layers that are deformed 
all over, whereas the under- and overlying layers are unde-
formed. This implies that some events must have happened 
that affected the complete sedimentary surface, whereas 
the underlying layers were not affected. This excludes lo-
cal tectonics. On the other hand, events that affect a sedi-
mentary surface continuously in such a way that an entire 
layer becomes deformed, are rare. Even more so if the type 
of deformation indicates that there was not a vertical pres-
sure (e.g., by storm-wave loading) but a lateral one. The 
only process known that can be held responsible for such 
deformations is a longitudinal shock wave that proceeds 
through the uppermost sediments parallel to the sedimen-
tary surface. Such shock waves are induced by sudden 
changes in the stress field, for instance by the impact of a 
meteorite or an earthquake of sufficient magnitude.
The repeated occurrence of the deformed layers practi-
cally excludes impacts as a cause of the shock wave, as it 
would imply that, over a time-span of tens or even hundreds 
of thousands of years impacts must have occurred that all 
affected the same region. The most plausible explanation 
therefore seems to be the occurrence of earthquakes. Con-
sidering the presence of a large fault that was active during 
the Mesoproterozoic (see above), this explanation for the 
deformations seems by far the most plausible.
Interesting in this context is the occurrence of similarly 
deformed stromatolites in the Palaeoproterozoic Chai-
basa Formation of NE India, from a region (the Singh-
bhum craton) that is also known to have been affected by 
earthquakes during the accumulation of the sedimentary 
unit in which stromatolite layers occur (Van Loon and 
Mazumder, 2013). These seismically deformed stromato-
lites show the same characteristics as those under study 
here. It thus seems that stromatolites are relatively eas-
ily deformed by seismic shocks, which is understandable 
because the deformation must have taken place when the 
microbial mats with the sedimentary particles attached to 
it, were still in a plastic state.
6 Conclusions
Stromatolites have been found in the Mesoproterozoic 
Wumishan Formation in the Changping District. They are 
recognizable in spite of a diagenetic change from lime-
stone to dolostone and a later local thermometamorphism-
induced transformation from dolostone into marble caused 
by the intrusion of a granite.
The stromatolites have partly been deformed. The de-
formation structures and the intercalation of deformed 
units between undeformed layers indicate that the defor-
mation process took place before the stromatolites had be-
come lithified (soft-sediment deformation).
The deformation must be ascribed to longitudinal shock 
waves through the uppermost sediment layers. This can be 
explained satisfactorily only by the occurrence of earth-
quakes that triggered seismic shocks.
The occurrence of such earthquake-induced seismic 
shocks, in combination with the fact that the resulting de-
formations took place when the sediment had not yet been 
lithified, proves that synsedimentary seismic activity took 
place.
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